A B S T R A C T The relationships between some parameters of cholesterol metabolism and body weight were studied in 22 subjects. Cholesterol-4-'4C, complexed with plasma lipoprotein, was injected intravenously and from the resultant specific activity-time curves a number of indexes of cholesterol turnover were calculated. These were based on the two-pool model previously described by Goodman and Noble and included estimates of the sizes of the two pools, the production rate of cholesterol in the system, the rate constants for cholesterol removal from the two pools and transfer between the pools, and the metabolic clearance of cholesterol.
INTRODUCTION
Of the many factors which influence the plasma cholesterol concentration the significance of body weight and fatness remains unresolved. Among earlier observations, the study by Tanner (1) is unique in its demonstration of a highly significant correlation between skinfold thickness and serum cholesterol levels in healthy young men. Other studies of this nature have reported relationships between fatness and serum cholesterol which were either barely significant (2) or clearly of no significance (3) (4) (5) . Two recent studies (6, 7) using large populations have shown significant relationships, at least in certain age groups. Thus, Montoye, Epstein, and Kjelsberg (6) in a survey of a population of 6500 found low but statistically significant relationships between serum cholesterol and body fatness especially between the ages of 15 and 45 yr. A smaller study by Rifkind and Begg (7) of some 400 healthy individuals and 97 men with arterial disease of the legs, also demonstrated significant relationships between the logarithm of the serum cholesterol concentration and relative body weight among men 40-59 yr of age. It is possible however, that measures of cholesterol metabolism other than its concentration in the plasma may be more closely related to body weight and fatness.
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The Journal of Clinical Investigation Volume 48 1969 The amount of cholesterol present in plasma represents only a small proportion of total body cholesterol and it may bear little relationship to the turnover of cholesterol in the plasma or in the body as a whole. Thus, Nestel and Monger (8) were unable to demonstrate a significant relationship between the concentration and the turnover rate of plasma esterified cholesterol, and Goodman and Noble (9) similarly failed to find a correlation between the serum cholesterol concentration and the production rate of cholesterol contained in a body pool which included plasma. On the other hand, a significant relationship has been observed between the turnover rate of plasma esterified cholesterol and body surface area (8) .
The possibility that body fatness may be related to some of the dynamic aspects of cholesterol metabolism in the body has been examined in the present study by using the model for cholesterol turnover reported by Goodman and Noble (9) .
METHODS
22 subjects were studied, of whom six were in New York and are included from the series reported by Goodman and Noble (9) . The subjects ate their usual diet and maintained constant weight throughout the study. None was taking a cholesterol-lowering drug. Apart from two normal subjects (R. N. and R. 0.) all had hyperlipidemia and/or coronary heart disease.
Cholesterol-4-'4C, complexed with plasma lipoprotein, was injected intravenously and the specific activity of plasma free, esterified, and total cholesterol1 measured at least three times in the first week and that of total cholesterol weekly for about 10 wk using the methods described fully elsewhere (9, 10) . The resultant plasma cholesterol specific radioactivity-time curves could be resolved precisely into two exponential functions (Fig. 1) indicating that the turnover of plasma cholesterol conforms to a two-pool model (Fig. 2) . The results were used to calculate a variety of parameters based on the kinetic analysis of two-pool systems in equilibrium as expounded by Gurpide, Mann, and Sandberg (11) and as shown to apply to cholesterol metabolism by Goodman and Noble (9) . In essence this depicts two pools: pool A is a rapidly turning over pool of cholesterol, presumably in the liver, plasma, erythrocytes, and probably including some of the cholesterol in the intestine and other viscera, and pool B is a slowly turning over pool, probably related to the remainder of the cholesterol in the viscera and to that in skeletal muscle, skin, and adipose tissue (12) . So that appropriate degrees of confidence can be attached to various calculations made in the present study it is im-1 Since plasma free and esterified cholesterol reached isotopic equilibrium after the fourth day in the 16 subjects in whom this was studied (C. A. to C. D., Table I ), the specific radioactivity of free cholesterol was equal to that of total cholesterol in all except the first (day 2) and very occasionally in the second (day 4) samples in which the specific radioactivity of free cholesterol exceeded that of total cholesterol. The calculations for the two-pool model excluded these discrepant points, so that the calculations were based on an analysis of the specific activity of plasma total cholesterol vs. time. The basic model is illustrated in Fig. 2 Since it can be inferred from current knowledge of cholesterol catabolism that loss of cholesterol from pool B other than through pool A is likely to be very small in relation to that lost from pool A (13-15), Goodman and Noble have assumed that kB = 0. Under these circumstances and assuming steady-state conditions, the total production rate is PR = SA + SB = rA (the rate of excretion from pool A) and it is possible to calculate the following additional parameters:
k"BA, the rate constant for transfer of cholesterol from pool B to pool A; kA, the rate constant for excretion of cholesterol from pool A and from the whole system; and kAB, the rate constant for movement of cholesterol from pool A to pool B.
Since MA is already known, estimates can then be made of the rate of the loss of cholesterol from the system (rA = kA-MA) and of the rate of transfer from A to B (rAB = kAB-MA) - The one important item missing is an estimate of the size of pool B. The rate of entry of material into pool B must, in steady-state conditions, equal the rate at which it leaves it: that is SB + rAB= rBA. Since MB = rBA/kBA and rBA = PR -SA + rAB, then MB = (PR -SA + rAB)/kBA. The "ideal" weight for each subject has been taken to be the average weight for subjects 20-24 yr of age of the same sex and height (16) . The difference between this and the actual body weight has been called "excess weight." Standard methods of analysis and for calculating regression equations have been used (17) . Table I gives some of the pertinent characteristics of the subjects and the principal estimated parameters of cholesterol metabolism. All other parameters referred to in this paper can be derived from them. The regression relationships between these parameters and serum cholesterol and body weight which were of prime interest are given in Table II . It was especially important to examine the multiple regressions because body weight and plasma cholesterol concentrations were negatively correlated in this group of subjects: r =-0.655, P < 0.01.
RESULTS
MA, the total amount of cholesterol in pool A, was significantly related to body weight and plasma cholesterol concentration. This is to be expected for that part of MA which is in plasma; when this is excluded the remaining part of pool A, MAx, bears no definite relationship to these parameters. The estimated values for MAX ranged from 8.8 to 23.1 g (mean 17.9 g). Likewise rAB, the rate of movement of cholesterol from pool A to pool B, was not significantly related to body weight or cholesterol concentration. Its magnitude varied from 1.09 to 2.24 g/day (mean 1.47).
The production rate of cholesterol was significantly related to body weight (Fig. 3) and more particularly to excess weight rather than to ideal or standard weight (Fig. 4 , Table II ). It was not correlated with serum cholesterol concentration or with the size of either pool A or pool B. The suggestion emerges that the total production rate of cholesterol is, on the average, 1.10 g/day for a person of "ideal" body weight and increases by 0.0220 g/day for every kilogram of excess body weight. These figures are based on the single regression of production rate on excess weight, as shown in Table  II and in Fig. 4 . One subject (C.S.) had excess weight which was far above the rather limited range displayed by the other subjects. Omitting this subject from the analysis gave somewhat similar regression relationships, but with reduced significance. Thus, for n = 21, PR = 1.077 + 0.0290 excess weight (SE = 0.0120; P < 0.025).
The size of pool B was also significantly related to total and excess body weight (Table II Relationship between the size of pool B (n lower estimates) and excess body weight. I for n = 22 (solid line) and n = 21 (inter )f pool The values predicted from the regression equation would ig. 6). be approximately 0.12/day and 0.10/day when the plasma cholesterol level is 200 and 400 mg/100 ml, respectively. The fractional loss from pool B (-kBB) was inversely related to its pool size and was of the order of 0.047/day for a subject with "ideal" body weight.
*
The turnover of cholesterol in the whole system can be expressed in terms of "metabolic clearance," either as the volume (MCR) or the fraction (MCF) of plasma "cleared" per day. The latter was found to be unrelated to excess body weight but it was very strongly related inversely to the plasma cholesterol concentration (P < 0.001, Fig. 7) . Predicted values would be 21%/day and 9%/day for subjects with plasma cholesterol levels of 200 and 400 mg/100 ml, respectively.
Using the regression equations in which PR and MB were related to excess body weight and -kas was related to the size of pool B, and the mean values for MAx and rAB, it is now possible to construct some hypothetical models of cholesterol metabolism. Examples shown in Fig. 8 it affects the plasma pool. "cleared" daily when the serum cholesterol level is 200 mg/100 ml, only 12% is cleared when the level is 400 mg/100 ml. DISCUSSION 6 of the 22 studies presented in this paper have already been reported by Goodman and Noble (9) who demonstrated that the plasma cholesterol specific activity curve in studies such as this can be resolved into two exponential functions indicating that the turnover of plasma cholesterol conforms to a two-pool model (Figs. 1 and  2 ). This is supported by the results in our 16 additional studies. In addition to those parameters of cholesterol metabolism which have been discussed by Goodman and Noble (9), viz. the size of pool A, the production rate, and the rate constants kAA and kBB for the total rates of removal of cholesterol from pools A and B, we have also estimated rAB and rBA (the turnover rates of cholesterol between pools A and B), the size of pool B, and some possible values for the rates of synthesis in pools A and B (SA and SB). Arising from these studies is the question of the relationship of hypercholesterolemia to the various parameters of cholesterol metabolism studied and the influence on these of body weight. It so happened that body weight and plasma cholesterol were inversely related in this small group of subjects whereas any significant relationship found in general populations has been a direct one (6) . It was nevertheless clear that the serum cholesterol concentration was in general independent of most parameters of cholesterol metabolism. It was notably not correlated with the production rate. Previous work has shown the lack of any demonstrable relationship between the concentration and the turnover rate of plasma esterified cholesterol (8) . Major variations can exist, therefore, in the rates of formation and excretion of cholesterol and in the amount of cholesterol contained in the major pools of the body (excluding the plasma) without having any necessary relationship to the level of cholesterol in the plasma.
The plasma cholesterol concentration was, however, inversely related to the fractional rate of loss of cholesterol from pool A (-kAA) and to the total rate of clearance of cholesterol from the body, expressed as a fraction of the plasma volume (MCF, Fig. 7) . Thus, higher levels of plasma cholesterol are not associated with any noticeable increase in cholesterol content of other pools nor in the rate at which cholesterol is produced or acquired (or excreted) by the body. It is a natural corollary that fractional loss is inversely related to plasma concentration. These findings raise the possibility that in hypercholesterolemia a steady state is achieved, but with a raised plasma cholesterol level, because of some impediment to the "clearance" or excretion of cholesterol from the plasma pool.
The influence that excess body weight exerts on cho-lesterol metabolism was a major finding of this study. Body weight, especially when expressed as excess weight or adiposity, was clearly related to several parameters of cholesterol turnover. Both the production rate (Fig.  4 ) and the size of pool B (Fig. 5 ) were directly and significantly correlated with excess weight (Table II) . This is perhaps relevant to the rise and fall in serum cholesterol which have been described to occur while weight is being rapidly gained or lost (22) . It is worth noting that an association between body weight and the turnover of plasma esterified cholesterol has been observed (8) . The present findings cannot be explained on the basis of an increase in body tissues in general since the relationship was solely to excess weight, that is, obese tissue, and not at all to the rest of the body weight. The magnitude of the increase in the size of pool B, found to be associated with excess weight in the present study (0.9 g/kg), is of the order of what might be expected from the reported cholesterol content of adipose tissue, 1.6 mg/(0.53-4.15) g (23) . In addition, the increase in production rate (22 mg/day per kg excess body weight) is similar to the reported rates of cholesterogenesis by adipose tissue in monkeys (21) . The mechanisms through which adiposity influences cholesterol turnover cannot be determined from these studies. Some cholesterol is presumably derived from the products of metabolism of free fatty acids since endogenously synthesized cholesterol is derived from acetate (24) . It is interesting therefore that the turnover of plasma free fatty acids, like cholesterol, appears to be related to the degree of body fatness (25, 26 ). Obesity appears to be associated with the preferential utilization of fat for energy as judged from measurements of R.Q. (27) and Dupont has claimed that the utilization of fat for energy results in accelerated cholesterol synthesis in animals (28). The relationship of these factors, however, and of the production of cholesterol by adipose tissue itself (21) to the findings of the present study can only be speculative at this stage.
